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The pillar structured thermal neutron detector is based on the combination of high aspect ratio 

silicon p-i-n pillars surrounded by the neutron converter material 10B.  By etching high aspect 

ratio pillar structures into silicon, the result is a device that efficiently absorbs the thermal 

neutron flux by accommodating a large volume fraction of 10B within the silicon pillar array. 

Here, we report a thermal neutron detection efficiency of 48.5% using a 50 µm pillar array with 

an aspect ratio of 25:1. 

Solid-state thermal neutron detectors are desired to replace the current 3He tube based 

technology, which have issues with stability, sensitivity to microphonics and very recently a 

shortage of 3He. There have been several semiconductor based thermal neutron detector design 

concepts developed including extensive work on lithium-6 fluoride and boron-10 carbide.  

Development of a compact semiconductor based thermal neutron detector requires an absorption 

material with a large cross section for the capture of thermal neutrons. Several isotopes are 

available: 6Li, 10B, 113Cd, 155Gd and 157Gd, the most prominent of which are 6Li, and 10B.1-13 The 

former must be used in a compound such as 6LiF (Ref. 1, 2) due to the chemical instability of
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elemental Li, while the latter can be used in either its elemental form or in a compound, e.g. 

10B5C (Ref. 14, 15), 10B4C (Ref. 16) and boron nitride17. The use of elemental 10B is preferable 

because of its high thermal neutron cross section of 3840 barns.18 A thickness of 50 µm will 

result in approximately 94% capture of the normally incident thermal neutrons. The compact 

thickness enables low power consumption by reducing the required operating voltage in the 

semiconductor detector. 

Neutron capture by 10B results in a nuclear reaction that releases a 7Li and an α particle, 

which have ranges of 1.6 and 3.6 µm within the 10B material respectively, for the most 

energetically favorable reaction. These distances are in conflict with the thickness of material 

required to efficiently capture incident thermal neutrons. Traditional semiconductor based 

detectors have consisted of a planar diode with a planar coating of neutron conversion material. 

This configuration has low detection efficiency, typically in the range of 2%-5%.19 The design of 

an efficient semiconductor based thermal neutron detector must allow for a high probability of 

interaction between the semiconductor element and these by-products. Thus, 3D-structured 

semiconductors filled with thermal neutron absorbers have been developed to resolve the length 

scale conflicts.3,6,20,21 The efficiency of perforated neutron detectors backfilled with 6LiF was 

reported to be 29% at 10 volts reverse bias by Kansas State University.22 A configuration 

consisting of back-to-back stacking of such devices has been reported to have 42% intrinsic 

thermal neutron efficiency operated at 3 volts reverse bias.23-25 Similar silicon structures were

investigated at Rensselaer Polytechnic Institute.26-28 The reported intrinsic thermal neutron 

efficiencies were 4.5% based on natural boron (19.8% 10B isotope) and 21% when scaled to 95% 

enriched 10B . Our device design, shown in Figure 1, decouples the two length scales by etching 

high aspect ratio pillars into Si substrate followed by 10B fill.6 We previously reported detector 
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efficiency of 20% for 26 micron tall “pillar detectors”.13 By scaling the pillar height to 50 µm, a 

thermal neutron detection efficiency of 48.5% was obtained with a bias of zero volts.  

FIG. 1. Schematic of a pillar structured solid-state thermal neutron detector, d: pillar diameter (2 

µm), s: pillar spacing (2 µm), h: pillar height (50 µm). (Ref. 6)

In the present work, a silicon wafer with structure of a 3 µm p+ layer, a 47 µm intrinsic layer 

grown on an n+ substrate was used for detector fabrication. The pillar diameter and spacing were 

defined lithographically, followed by inductively coupled plasma etching to form the pillar 

arrays as shown in Figure 2(a). The etched samples were then dipped into a nitric acid based 

silicon etching chemical to remove the plasma damaged silicon surface. A conformal 10B coating 

by chemical vapor deposition (CVD) was deposited on the pillar arrays (Figure 2(b)). Bright 

field transmission electron microscopy (TEM) images (Figure 2(c)) show the interface between 

boron and silicon pillar. The surface roughness of the Si pillar is Ra < ±26 nm, where the red dot-
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dash line is the reference surface. A smooth, defect and contamination free Silicon-Boron 

interface is desired for optimum charge collection.  Plasma Quest electron cyclotron resonance 

(ECR) etching system was used for boron etching to expose the pillar tops, and metallization was 

done by sputtering Al/Cr/Au on the front side and backside of samples. 

FIG. 2. Scanning electron microscopy (SEM) images of 50 µm silicon pillar structures: (a) as 

fabricated by etching, (b) after 10B deposition, and the dotted box is showing the area where the 

sample was cut by Focused Ion Beam (FIB) for TEM analysis. (c) TEM image showing the 

roughness of Silicon-Boron interface.

The 10B was deposited by CVD of 10B10H14. Depending on the precursor flux and the 

reaction pressure, the filling process can be controlled to favor the deposition of the 10B on the 
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pillars due to the high sticking probability of the decomposed precursor onto the surface of the 

structured pillar substrates which results in a conformal coating instead of gas phase 

decomposition which would result in clogging at pillar surface.29

Optimizing the deposition temperature is critical; temperatures which are too low yield a 

high degree of fill and conformality of the 10B film but an excess of hydrogen that leads to 10B 

instability and the formation of H3BO3 crystallites as well as large amounts of film stress. 

Higher temperatures yield a 10B film with excellent chemical stability and low stress but that 

does not uniformly coat the pillar structure. The chemical composition and stability of the 10B 

coating on the pillar structured neutron detector samples were investigated by Fourier Transform 

Infrared Spectroscopy (FTIR).  Stable amorphous boron films (no crystallite formation) were 

found on the samples with furnace set point temperature equal to or greater than 460 oC. There 

were no remarkable absorption peaks observed in FTIR spectra (upper graph in Figure 3(a)). At 

temperatures lower than 425 oC, crystallite formation was observed on samples after exposure to 

atmosphere. FTIR analysis identified these crystals as boric acid. Bands caused by complex O-

H and B-O vibrations were found in the spectra (middle graph in Figure 3(a)) which are identical 

to what H3BO3 powder spectra showed (lower graph in Figure 3(a)).30 Secondary-Ion Mass 

Spectrometry (SIMS) was used to study the hydrogen content in boron films which had not been 

exposed to atmosphere. The boron fill factors at varied deposition temperatures were analyzed by 

SEM (Figure 3(b), (c)). Note that the deposition time is the same for all samples with varied 

CVD temperatures. The boron films on top of pillar arrays were etched away by Reactive Ion 

Etching (RIE) to expose the silicon pillar tops. Figure 3(d) shows that both the hydrogen content 

in the boron film and the fill factor decrease with an increase in the deposition temperature. The 

high hydrogen content as measured by SIMS is attributed to incomplete decomposition of the 
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B10H14 precursor. The instability of the films deposited at low temperature is thus a result of 

excessive hydrogen. In addition to chemical stability and fill factor, stress from the B coating 

proves to be an issue. First, the shape of the pillars is critical. Any shape with corners results in 

concentrations of strain that are large enough to cause fracturing the Si pillars, as shown in the 

inset of Figure 3(e). A circular pillar structure overcomes this problem (Figure 3(e)). Second, the 

deposition time is important. Times which are too long lead to delamination of the 10B film from 

the pillars as shown in Figure 3(f). In light of these considerations, an optimized deposition 

temperature profile of 460 °C was chosen for conformal 10B coatings. It was also observed that

with a pre-annealing of 900 °C for 15 minutes in flowing Ar prior to deposition was favorable 

for high quality amorphous boron films. These conditions provide stable B films of moderate 

stress and with acceptable fill factors.
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FIG. 3. Silicon pillar arrays filled with 10B by CVD. (a) FTIR spectra of boron without crystals 

(upper), boron with crystals (middle) and boric acid powder (lower). The insets are the 

corresponding SEM images. (b) and (c) are SEM images (top view) of CVD boron with 

deposition temperature of 460 oC and 600 oC respectively. (d) Relation of boron fill factor, 

hydrogen concentration with boron deposition temperature. (e) SEM image (top view) of circular 

pillars surrounded by boron. Inset is showing the square pillars surrounded by boron. Indicated 

that the circular shape of silicon pillars effectively reduces or moderates stress which could occur 
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at the corners of square pillars. (f) SEM image of delaminated boron film on top of silicon pillar 

arrays due to excess deposition durations.

The neutron spectra of 2 × 2 mm2, 50 µm tall pillar detectors were measured using a 

moderated 252Cf source.  The detectors were first mounted in a metal test assembly. Then high 

density polyethylene (HDPE) blocks were placed to surround the test box to thermalize the 

neutrons from a 252Cf source which was placed on top of the HDPE blocks.  The thermal neutron 

detection efficiencies were determined by comparing the neutron response of the device under 

test with a calibration pillar neutron detector with the same geometry.  The calibration detector’s 

efficiency was obtained in two ways. First its neutron response was compared with that of a 

100% efficient 3He tube using a collimated thermal neutron beam encompassing a  “pin-hole” 

design with boric acid bricks for shielding and a HDPE moderated 252Cf source.  Second, the 

number of incident thermal neutrons was determined by Monte Carlo N-Particle (MCNP) 

simulations of the collimated configuration. The number of counts measured by the 3He tube was 

found to agree within 5% with the number of neutrons simulated using MCNP. 

In this paper we define the effective thermal neutron detection efficiency as the number of 

counted neutrons divided by the number of effective thermal neutrons incident on the detector, 

which was determined by modeling using MCNP and folding the simulated spectrum with the 

10B cross section. The effective thermal neutron flux is defined as follows:
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where )( thermalE is the integral effective thermal neutron flux, )( thermalE is the thermal neutron 

cross section of 10B, )(E is the energy dependent neutron flux, )(E is the energy dependent 
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neutron cross section of 10B. All detectors were measured under self-bias condition (0V). 

Increasing the detector bias will decrease capacitance, but increase leakage current. The pulse 

height spectrum is shown in Figure 4(a) together with a 26 µm pillar detector with 22% thermal 

neutron detection efficiency for comparison. The highest measured efficiency of the 50 µm 

detector is 48.5% with the low level discriminator (LLD) set to 30 keV which is above the noise 

floor energy. The measured efficiencies are in the range of 37% to 48.5% in one chip as shown 

in Figure 4 (b). The variation in the efficiency is likely due to temperature gradients in CVD 

during boron deposition, or non-uniform gas delivery to the substrate.  

FIG. 4. Neutron radiation test on pillar structured thermal neutron detectors. (a) The comparison 

of measure neutron pulse height spectra of 26 µm and 50 µm tall pillar detectors. Inset is the 
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optical image of a detector (2 mm × 2 mm) wire bonded to a metal package. (b) The map of 

measured thermal neutron detection efficiencies on one 1.2 cm × 1.2 cm chip which has 25 

detectors (2 mm × 2 mm) as shown in the inset. 

In summary, we have demonstrated a composite structure design of the high aspect ratio 

silicon pillars integrated with conformal 10B films for thermal neutron detection. The CVD 10B 

films are developed and achieve an efficiency of 48.5% which is the highest reported efficiency 

for a semiconductor based thermal neutron detector. 
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